Laboratory animal models play an important role in the study of human diseases. Using appropriate animals is critical not only for basic research but also for the development of therapeutics and diagnostic tools. Rabbits are widely used for the study of human atherosclerosis. Because rabbits have a unique feature of lipoprotein metabolism (like humans but unlike rodents) and are sensitive to a cholesterol diet, rabbit models have not only provided many insights into the pathogenesis and development of human atherosclerosis but also made a great contribution to translational research. In fact, rabbit was the first animal model used for studying human atherosclerosis, more than a century ago. Currently, three types of rabbit model are commonly used for the study of human atherosclerosis and lipid metabolism: (1) cholesterol-fed rabbits, (2) Watanabe heritable hyperlipidemic rabbits, analogous to human familial hypercholesterolemia due to genetic deficiency of LDL receptors, and (3) genetically modified (transgenic and knock-out) rabbits. Despite their importance, compared with the mouse, the most widely used laboratory animal model nowadays, the use of rabbit models is still limited. In this review, we focus on the features of rabbit lipoprotein metabolism and pathology of atherosclerotic lesions that make it the optimal model for human atherosclerotic disease, especially for the translational medicine. For the 
Introduction
Atherosclerotic diseases such as myocardial infarction and stroke are still major causes of mortality globally. Atherosclerosis develops slowly throughout the stages of human life and many genetic and environmental factors are concertedly involved in the pathogenesis of this disease (Libby, Ridker, & Hansson, 2011) . For study of the pathophysiology and also for the development of therapeutic modalities and diagnostic tools, utilization of appropriate experimental animals is essential. In general, the ideal animal models of human atherosclerosis should possess several important characteristics (Fan & Watanabe, 2000; Vesselinovitch, 1988) . They should be easy to acquire and maintain at a reasonable cost, easy to handle, and the proper size to allow for all anticipated experimental manipulations. Ideally, the animal should reproduce in a laboratory setting and have a well-defined genetic background. Finally, the animal model should share with humans the most important aspects of lipid metabolism and cardiovascular pathophysiology. Atherosclerotic lesions should develop gradually while the animal consumes a special diet, and features of the lesions (from the fatty streaks to complicated plaques with calcification, ulceration, hemorrhage and thrombosis) should mimic those of human patients with clinical sequelae (such as myocardial infarction, stroke and gangrene). Unfortunately, there is no single animal model that fulfills all of these requirements; therefore, many different animals have been used to illustrate the diverse aspects of atherosclerosis (Moghadasian, 2002) . Among those used to date, rabbits are the first and one of the best models for the study of lipoprotein metabolism and atherosclerosis.
History of rabbit atherosclerosis models
The first experiment using rabbits to investigate atherosclerosis should date back to more than a century ago. In 1908, a Russian physician Ignatowski, fed rabbits with a diet enriched in animal proteins (milk, meat and eggs) and observed intimal lesions with large clear cell (now called foam cell) accumulation in the aorta (Ignatowski, 1908) . Later, a Russian experimental pathologist, Anitschkow, used a cholesterol diet dissolved in vegetable oil to produce aortic atherosclerosis in rabbits similar to those seen in humans and proposed a causal role of cholesterol in atherosclerosis (Steinberg, 2004) . Now, a consensus has been reached in this field that, in both humans and experimental animals, it is dietary cholesterol that leads to the development of atherosclerosis (Steinberg, 2004) . These pioneering studies provided the first experimental evidence and basis for the establishment of the "lipid hypothesis" of atherosclerosis (Steinberg, 2004) . Since then, the rabbit model has been widely used to elucidate many facets of the pathophysiology of human atherosclerosis along with the development of therapeutics. In this regard, several significant milestones in the history of the study of atherosclerosis should be specially mentioned, which are based on tremendous breakthroughs and insights to understand the molecular and cellular mechanisms of atherosclerosis provided by rabbit models.
In the 1980s, Mahley et al. showed that the major lipoproteins elevated in cholesterol-fed rabbits are hepatically derived remnant lipoproteins, called β-VLDL, and it is these lipoproteins that are atherogenic because they are cholesterol-rich and can induce macrophages to transform into foam cells (Mahley, Innerarity, Brown, Ho, & Goldstein, 1980) . Watanabe et al. demonstrated that, in the early-stage lesions of aortic atherosclerosis of cholesterol-fed rabbits, the initial cellular event is the recruitment of intimal foam cells and these foam cells are primarily derived from blood monocytes (T. Watanabe, Hirata, Yoshikawa, Nagafuchi, & Toyoshima, 1985) . Later, Hansson et al. found that, in addition to monocytes, T lymphocytes are also present in the lesions of cholesterol-fed rabbits similar to those of humans (Hansson, Seifert, Olsson, & Bondjers, 1991) , suggesting that the immune response is involved in the pathogenesis of atherosclerosis. Gimbrone's, Libby's and Fogelman's groups further identified the presence of the vascular cell adhesion molecule (VCAM-1) in aortic endothelial cells of the lesions, which can be up-regulated by atherogenic lipoproteins and enhances the adhesion of monocytes to endothelial cells; they thus provided evidence that endothelial cell dysfunction induced by atherogenic lipoproteins plays an important role in monocyte adherence to endothelium and migration into the intima during atherogenesis (Cybulsky & Gimbrone, 1991; H. Li, Cybulsky, Gimbrone, & Libby, 1993; Territo, Berliner, Almada, Ramirez, & Fogelman, 1989 ). Steinberg's group performed a series of studies and demonstrated that oxidization of β-VLDL and LDL actually occurs in the arterial wall of cholesterol-fed rabbits, which constitutes an essential trigger for the mediation of monocyte chemoattractant protein-1 (Yla-Herttuala, et al., 1991) and macrophage colony-stimulating factor expression during lesion progression (Rosenfeld, et al., 1992) . It was in the rabbit that the impact of lipoproteins of different sizes on atherosclerosis was first studied. For example, it was noted more than fifty years ago that alloxan-induced type I diabetes surprisingly inhibited cholesterol-induced atherosclerosis in rabbits (Duff & Mc, 1949) . This is due to the fact that large-sized triglyceride-rich lipoproteins (>75 nm diameter) that accumulated in the plasma of diabetic rabbits failed to penetrate into the arterial wall (Nordestgaard & Zilversmit, 1988) . These pioneering studies using rabbits along with other animal models established the basis for the modern theory of atherosclerosis: plasma cholesterol is a critical atherogenic factor (lipid hypothesis) and inflammatory cells such as macrophages and T lymphocytes (inflammatory hypothesis) are key cellular components for the initiation and progression of atherosclerosis (Moore & Tabas, 2011) . Probably, there are no more striking findings obtained from rabbit models than those of the Watanabe heritable hyperlipidemic (WHHL) rabbits, which were developed by Dr. Yoshio Watanabe at Kobe University, in Japan (Y. Watanabe, 1980) . WHHL rabbits allowed epoch-making contributions to understand LDL receptor deficiency as a cause of human familial hypercholesterolemia discovered by Goldstein and Brown (Goldstein, Kita, & Brown, 1983) .
Although the rabbit model has undoubtedly brought about many breakthroughs in the history of atherosclerosis study, there has been a reduced trend of using this model since 2000, possibly due to the development of genetically modified apoE and LDL receptor gene knock-out (KO) mice (Fig. 1) . Many researchers are even reluctant to use rabbits for studying atherosclerosis because they are sometimes wrongly considered as "giant rodents". It is true that the mouse model has been a powerful tool for much research due in large part to the relative ease of genetic manipulation and the relatively short time for the development of atherosclerosis in the setting of apoE or LDL receptor deficiency (Getz & Reardon, 2012) , but as an alternative model, rabbit is necessary in translational research of cardiovascular diseases. One of the best historic experiences is no less than the discovery of statin as a potent lipid-lowering drug (Shiomi, Koike, & Ito, 2013) . When Dr. Akira Ando, a Japanese scientist who discovered statin, along with Beecham Pharmaceutical Research Laboratories in England discovered compactin (the first generation of statin), they failed to prove that compactin was therapeutically effective in lowering plasma cholesterol in rats and mice, even at high doses (>500 mg/kg), regardless of marked inhibition of hepatic cholesterol synthesis (Brown & Goldstein, 2004) . Later, it was realized that rodents (mice, rats and hamsters) differ from humans in many aspects of lipoprotein metabolism, as discussed in detail below (Table 1 ). For example, approximately two-thirds of the cholesterol pool in humans is derived from in vivo synthesis, whereas a large part of the cholesterol is derived from dietary origin in rodents (Endo, 1980) . Wild-type mouse and rat are HDL mammals, while humans as well as rabbit are LDL mammals. The ability of mice and rats to excrete bile acid, which is derived from cholesterol, is much higher than in human and rabbits (Names, 2004) . Dr. Endo found that compactin was more effective in rabbits than in chickens, cats, dogs and monkeys, while it was ineffective in mice, rats and hamsters (Endo, 1980) . It is not a matter of the size of the model but rather whether to use proper models precisely in order to translate or extrapolate research results into a clinical setting. Therefore, it is necessary to review the features of rabbit lipoprotein metabolism along with their atherosclerosis (either induced by cholesterol-diet or spontaneous atherosclerosis in WHHL rabbits) and find out how we can use them specifically and effectively for translational medicine.
Lipid metabolism features of normal rabbits
All laboratory rabbits (including NZW and JW) are originated from European rabbits (Oryctolagus cuniculus) and belong to the family Leporidae of the order Lagomorpha. The rabbit is an herbivore, and its typical laboratory chow diet contains ~15% protein, 40~50% carbohydrate, 2% vegetable fat and 15~25% fiber. Normally, the cholesterol (phytosterol) content in a regular chow diet is less than 0.01%. On this type of diet, plasma cholesterol levels for both New Zealand White (NZW) and Japanese White (JW) rabbits (the most commonly used laboratory rabbits) are in the range of 30~90 mg/dl at the age of 3-16 months (M. J. Taylor & J. . The plasma cholesterol concentrations are higher in females than in males, decrease with age in males and remain unchanged in females. In addition, cholesterol levels show greater seasonal variation in females than in males and are lower in pregnant and lactating females than in non-pregnant, non-lactating ones (Roberts, West, Redgrave, & Smith, 1974) . Owing to these features (possibly affected by estrogen) of plasma cholesterol levels, males are used more often than females for atherosclerosis study.
On a standard chow diet, NZW and JW rabbits (up to five years old in our laboratory) do not develop spontaneous atherosclerosis because of their low cholesterol levels.
As described below, many features of lipid metabolism of rabbits make them particularly suitable for the study of human lipoprotein metabolism and atherosclerosis (Table 1) . Being aware of these features is important for researchers who decide to choose rabbits rather than other models for any specific experiments. Unlike mice and rats in which HDL is the predominant plasma lipoprotein, ~40% of plasma cholesterol in chow-fed rabbits (depending on their age) and >90% in cholesterol-fed and WHHL rabbits is contained in apoB-containing particles, VLDL and LDL (Fig. 2) . Rabbits have abundant plasma cholesteryl ester transfer protein (CETP) activity, an important regulator of cholesterol metabolism, whereas mice as well as rats do not have CETP in the plasma (Tall, 1986) . As in humans, rabbit do not have hepatic apoB mRNA editing activity so that rabbit apoB-48 is only present in intestinally derived chylomicrons but not in hepatically derived VLDLs and LDLs. In the mouse, apoB-48 is also produced in the liver, so mouse VLDLs and LDLs contain apoB-48 in addition to apoB-100. Although the physiological significance of differences among species in terms of apoB-48-containing VLDLs and LDLs in rodents is not known, it has been reported that apoB-48-containing particles are catabolized faster than apoB-100-containing particles (X. Li, Catalina, Grundy, & Patel, 1996) , which may help explain in part why most wild-type mice are resistant to an atherogenic diet. In human plasma, there is a specific LDL-like lipoprotein called lipoprotein (a) [Lp(a)], which is formed through a disulfate bond between apoB-100 and apo(a). Although Lp(a) is normally not present in either rabbit or mouse plasma, transgenic studies showed that rabbit apoB-100 but not mouse apoB-100 (Chiesa, et al., 1992) can be bound to human apo(a) to form Lp(a) particles, which enhance the development of atherosclerosis (Fan, Araki, et al., 1999; ). In addition, hepatic LDL receptors in both humans and rabbits are highly down-regulated according to the level of cholesterol uptake in the liver. Furthermore, VLDL receptors, which are involved in the foam cell formation, are highly expressed in macrophages of rabbits and humans but not in mice . Owing to these similarities between rabbits and humans, rabbits have been the first model for testing many hypolipidemic drugs, such as statins (Aikawa, et al., 1999; Shiomi, et al., 2013) , fibrates (Corti, et al., 2007) , and probucol (Daugherty, Zweifel, & Schonfeld, 1989; Kita, et al., 1987) . Anti-atherogenic effects of infusion HDLs were also first proved in cholesterol-fed rabbits (Badimon, Badimon, & Fuster, 1990; Badimon, Badimon, Galvez, Dische, & Fuster, 1989) .
However, there are some distinct differences between rabbits and humans in terms of lipoprotein metabolism. Rabbit plasma does not contain apoAII (Koike, Kitajima, Yu, Li, et al., 2009) , an important protein component of HDL in humans; therefore, their HDL contains only apoAI. However, we recently found that there is an apoAII analogous gene in the rabbit genome, although it is still unclear whether it is truly functional or a pseudogene (Zhang, J., unpublished data) . Furthermore, rabbit hepatic lipase activity is naturally low, with about 1/10 as much activity as that of the rat due to the low expression of hepatic lipase mRNA (Warren, Ebert, Mitchell, & Barter, 1991) . It is not yet known whether these differences are responsible for the high susceptibility of rabbits to a cholesterol diet and the rapid development of atherosclerosis in this model. Nevertheless, these differences present in rabbits also provide a unique chance to investigate these protein functions using transgenic methods since transgenic rabbits expressing either human apoAII gene (Koike, Kitajima, Yu, Li, et al., 2009) or hepatic lipase (Fan, et al., 1994b) have been developed, as described below.
Cholesterol-fed rabbits
As mentioned above, rabbits are sensitive to dietary cholesterol and rapidly develop severe hypercholesterolemia leading to prominent aortic atherosclerosis. Therefore, cholesterol-fed rabbits are widely used for atherosclerosis studies. When rabbits are fed a chow diet containing up to 2% cholesterol, they show rapid elevation of plasma cholesterol, which can exceed 2,000 mg/dl. This response can be further enhanced by adding extra fat in the diet, with saturated fats increasing both plasma cholesterol and the extent of aortic lesions (Kritchevsky, 1970) . Cholesterol diet feeding leads to increased plasma levels of cholesteryl ester-rich, β-migrating very low-density lipoproteins (β-VLDL) derived from the liver and intestine (Fig. 2) due to the relatively efficient absorption of dietary cholesterol, limited hepatic conversion of cholesterol to bile acids and down-regulated hepatic lipoprotein receptors (J. M. Taylor & J. .
Microscopic features of atherosclerosis exhibited in cholesterol-fed rabbits include monocyte adhesion to intimal endothelial cells and migration of monocytes into the subintima of the aorta, which can be observed under microscopy as early as several weeks after cholesterol diet feeding (Fig. 3) . Aortic lesions can be grossly visualized by Sudan IV staining after cholesterol diet feeding for about 12 weeks. The lesions (sudanophilic area) start from the aortic arch and extend to the thoracic (around the intercostal ostia) and finally the abdominal aorta (less frequent) (Fig. 4) . In contrast to the early-stage lesions in which only a small number of macrophages are present in the intima (Fig. 3) , there are diverse types of lesions in this stage. One of the major lesions is the fatty streaks as seen in human atherosclerosis, which are composed of macrophage-derived foam cells intermingled with smooth muscle cells and extracellular matrix (Figs. 5 and 6). It is not unusual to observe those so-called advanced lesions, depending on the diet and the length of cholesterol feeding. Such advanced lesions contain deposition of calcium or calcification (see below on WHHL rabbits). There are some fibrotic lesions that are almost completely composed of smooth muscle cells and extracellular matrix with few macrophages, but this kind of lesion is rare in cholesterol-fed rabbits (Fig. 7) . It should be pointed out, however, that all these lesions can be observed in the same rabbit, while some lesions can be predominant depending on the cholesterol levels in plasma, duration of atherogenic diet feeding and location in the aorta.
Common atherogenic diets consist of 0.3 to 2% cholesterol and 4 to 8% fat by weight. However, on a diet containing more than 1% cholesterol for a long period (more than a month), rabbits suffer from extraordinarily "high" hypercholesterolemia and show massive lipid accumulation in many organs, in addition to the aorta. In such a case, cholesterol-fed rabbits are often criticized as "not physiological" or "a poor model for human atherosclerosis" because "cholesterol concentration is too high in the plasma" and "too unusual foamy lesions in the aorta". Such high plasma cholesterol (exceeding 2000 mg/dl or 51.8 mmol/L) is never seen in human hypercholesterolemic patients. Moreover, the atherosclerotic lesions in rabbits fed cholesterol diets consist almost completely of foam cells (Fig. 8) , which are seldom seen in humans. Therefore, it is generally recommended that feeding rabbits a 0.3~0.5% cholesterol diet results in reasonable elevation (compatible to human familial hypercholesterolemia) of plasma cholesterol (averaging 1,000 mg/dl or 25.9 mmol/L) without affecting the animal's general health. There is an important relationship between dietary cholesterol and fat in the production of atherosclerosis in rabbits (Bocan, et al., 1993) . Feeding on a cholesterol diet without additional fat usually results in the development of more severe atherosclerosis than in rabbits fed on the diet that contains both cholesterol and fat; presumably, failure to add supplementary dietary fat leads to mobilization of endogenous fat stores, which are more saturated than common dietary fats. Furthermore, saturated fat in the diet is more atherogenic than unsaturated fat. Currently, we recommend using a diet supplemented with 0.3~0.5% cholesterol and 3% soybean or corn oil by weight for 16 weeks fed either ad libitum or restricted for most rabbit experiments. The average cholesterol levels of these rabbits rise to ~800 mg/dl after 4 weeks . Although feeding on a cholesterol diet can lead to the formation of fatty streaks and advanced lesions in the aorta of rabbits, plaque ruptures or aortic aneurysms have not been observed, suggesting that either the cholesterol feeding period is insufficient or other additional factors may be required for inducing these complications in rabbits.
There are clear differences in arterial susceptibility to atherosclerosis among humans, rabbits and mice, as shown in Table 2 . In humans, abdominal aorta is the first and major location of atherosclerosis, whereas in cholesterol-fed rabbits as well as WHHL rabbits, aortic lesions appear first in the aortic arch and then in the thoracic aorta (usually starting from the intercostal artery orifice) (Fig. 4) . Abdominal aortic lesions are last seen in rabbits when the whole aortic lesions are severe. In addition to aortic lesions, coronary atherosclerosis is also observed in cholesterol-fed rabbits, but is usually restricted to the left coronary arterial trunks (Fig. 9) (Hirata & Watanabe, 1988) . It is almost impossible to induce cerebral atherosclerosis in rabbits by feeding on a cholesterol diet alone. However, if hypertension is present simultaneously, cerebral atherosclerosis can be produced (Kato, Tokunaga, Watanabe, & Sunaga, 1991) .
Watanabe heritable hyperlipidemic (WHHL) rabbits
WHHL rabbits as an excellent animal model of human familial hypercholesterolemia were established by Dr. Yoshio Watanabe at Kobe University, Japan, in 1980 (Kobayashi, Ito, & Shiomi, 2011; Shiomi & Ito, 2009; Y. Watanabe, 1980) . WHHL rabbits are genetically deficient in LDL receptor functions due to a spontaneously arising deletion in exon 4 of the LDL receptor gene that encodes a 4-amino-acid deletion in the cysteine-rich ligand-binding domain (Yamamoto, Bishop, Brown, Goldstein, & Russell, 1986) . Homozygous WHHL rabbits on a chow diet exhibit marked elevations of plasma cholesterol and triglycerides from birth and suffer from atherosclerosis and tendon xanthoma, both of which exhibit remarkable pathological resemblance to those observed in human familial hypercholesterolemia. Heterozygous WHHL rabbits on a chow diet, however, do not show apparent hyperlipidemia. As shown in Fig. 10 , mature WHHL rabbits develop diverse aortic atherosclerosis ranging from early fatty streaks to advanced lesions. Importantly, WHHL rabbits also develop coronary atherosclerosis and spontaneous myocardial infarction (Fig.  11) , which is rarely observed in other animal models . Ten years ago, Dr. Masashi Shiomi demonstrated that some WHHL rabbits (designated as WHHL-MI) show higher incidences of coronary atherosclerosis and myocardial infarction at old age Shiomi, Ito, Yamada, Kawashima, & Fan, 2003) . Advantages of using WHHL rabbits over cholesterol-fed rabbits are as follows: (1) the lipoprotein profiles of WHHL rabbits are characterized by high LDLs and extremely low HDLs, whereas the major lipoproteins in cholesterol-fed rabbits are those of β-VLDLs but triglycerides and HDL levels are usually unchanged (Fig. 2) ; (2) hypercholesterolemia is consistently present in all homozygous WHHL rabbits on a chow diet, so there is less variation in the plasma cholesterol than in cholesterol-fed rabbits; (3) WHHL rabbits > 9 months old develop more advanced aortic atherosclerotic lesions, such as calcification and lipid core formation, which are more similar to those observed in humans. The advanced lesions consist of a typical lipid or necrotic core covered by a fibrotic cap (smooth muscle cells and extracellular matrix), a typical atherosclerotic plaque similar to human atherosclerosis ( Fig. 10C-D) ; (4) coronary atherosclerosis and myocardial infarction can be observed, which may be more relevant to human situations (Fig. 11) . WHHL rabbits are especially useful for the development of lipid-lowering drugs and image diagnostic tools, as reviewed previously (Kobayashi, et al., 2011) . WHHL rabbits are commercially available from Kitayama Labes Co., Japan. On the basis of collaborative research, Dr. Shiomi at Kobe University provides WHHL rabbits for academic researchers.
Transgenic rabbits
In addition to cholesterol-fed rabbits and WHHL rabbits, transgenic (Tg) rabbits have also been used for the study of human cardiovascular disease during the last two decades. The technology for producing Tg rabbits was simultaneously developed by German (Brem, et al., 1985) and US (Hammer, et al., 1985) groups in 1985, but the actual use of Tg rabbits as an experimental tool in the field of cardiovascular diseases was not realized until 1994 when the first Tg rabbit expressing human hepatic lipase was generated by John Taylor's laboratory at the Gladstone Institute of Cardiovascular Disease in San Francisco (Fan, et al., 1994b) . Later, they produced Tg rabbits expressing human apoB-100 , apoE (Fan, et al., 1998; Huang, Schwendner, Rall, Sanan, & Mahley, 1997) and apoB mRNA editing protein (Yamanaka, et al., 1995b) . To date, 16 genes have been introduced into Tg rabbits and have provided considerable insight into the molecular mechanisms associated with their functions in lipoprotein metabolism and atherosclerosis (Peng, 2012) . The transgenes expressed in Tg rabbits can generally be classified into three categories: (1) those proteins that are directly associated with lipoproteins such as apo(a) (Fan, Araki, et al., 1999; Rouy, et al., 1998) , apoAI (Duverger, Kruth, et al., 1996) , apoAII (Koike, Kitajima, Yu, Li, et al., 2009; Y. Wang, M. Niimi, et al., 2013) , apoB-100 , apoCIII (Ding, et al., 2011) and apoE (Fan, et al., 1998; Huang, et al., 1997) ; (2) those enzymes that are involved in the lipid metabolism [hepatic lipase (Fan, et al., 1994b) , lipoprotein lipase (Fan, Unoki, et al., 2001) , phospholipid transfer protein (PLTP) (Masson, et al., 2011) , apoB-100 mRNA editing enzyme catalytic polypeptide protein (Yamanaka, et al., 1995b) , lecithin:cholesterol acyltransferase (LCAT)] (J. M. Hoeg, et al., 1996) ; and (3) those proteins that may participate in the pathogenesis of atherosclerosis (matrix metalloproteinase-12 (Liang, et al., 2006) , 15-lipoxygenase (Shen, et al., 1996) , C-reactive protein ) and vascular endothelial growth factor (Table 3) . Tg rabbits have also been used for the study of human heart diseases, such as LQT syndrome (Brunner, et al., 2008) , hypertrophic cardiomyopathy (Marian, et al., 1999) and tachycardia-induced cardiomyopathy (Suzuki, et al., 2009) because, compared with rodents, the rabbit heart is structurally and functionally more similar to that of humans (Table 4) (King, et al., 2010; Pogwizd & Bers, 2008; Tanaka, et al., 2008) .
The basic method for the generation of Tg rabbits is still pronuclear microinjection (Duranthon, et al., 2012) and its principle and practical protocols were extensively reviewed and discussed in previous reviews Fan & Watanabe, 2003) . Because the efficiency of Tg rabbits produced by pronuclear microinjection of DNA is rather low (~10%), other methods have been attempted and developed. One promising approach is transposon-mediated transgenesis (called Sleeping Beauty transposon system) (Mates, et al., 2009 ) by which high-efficiency of Tg rabbits was achieved. Recently, the details of transposon transgenesis methods have been reported Ivics, et al., 2014) .
KO rabbits
Owing to the lack of embryonic stem (ES) cells and genome information in rabbits, for a long time, it has been impossible to generate knock out (KO) rabbits using homologous recombination-based genomic manipulation in ES cells as in mice. Lack of KO rabbits also constitutes another barrier for researchers to use gene deficiency rabbits for human disease study. We attempted to adopt somatic cell nuclear transfer for gene targeting in rabbits since the first cloned rabbit was reported 12 years ago (Chesne, et al., 2002) . However, after tremendous efforts, we realized that the generation of KO rabbits by somatic cell nuclear transfer is still far away from being achieved. It is impractical to use this nuclear transfer technique as a research tool because of the extremely low efficiency of gene transfer into somatic cells and the difficulty in generating cloned rabbits. However, during the past five years, there have been breakthroughs that have made it possible to generate KO rabbits. In 2009, a draft of the rabbit genome sequence (7x coverage) was initially completed by the Broad Institute (http://www.broadinstitute.org/models/europeanrabbit). We have now launched the rabbit genome sequencing project aiming at completion of genomes of all experimental rabbits along with RNA sequences of those tissues which are directly associated with human atherosclerosis and metabolic diseases. Additionally, emergence of gene-editing technologies, as illustrated in Fig. 12 and Table 5 , has made it possible to generate KO rabbits.
In 2011, using the zinc finger nuclease (ZFN)-mediated genome-editing method, Flisikowska et al. reported the first KO rabbits in which the immunoglobulin M locus was targeted in an attempt to produce humanized antibodies (Flisikowska, et al., 2011) . ZFNs are engineered DNA-cleaving enzymes made by fusing a tailor-made DNA-binding domain to the DNA cleavage domain of Fok1, a type II restriction enzyme. ZFNs induce site-specific double-strand breaks in the DNA at user-defined locations, which leads to targeted modification of the genome. Our laboratory successfully made KO rabbits which are deficient in apoCIII (D. . In addition to ZFNs described above, other techniques are also emerging and have been successfully used for gene targeting in mammals (Carlson, et al., 2012; Mussolino & Cathomen, 2013) . Transcription activator-like (TAL) effector nucleases (TALENs) are artificial restriction enzymes created by fusing an engineered TAL DNA binding domain (which targets a desired sequence) with the DNA cleavage domain of Fok1. TALEN DNA binding domain contains a repeated highly conserved 33-34-amino-acid sequence with the exception of the 12th and 13th amino acids. These two locations are highly variable (repeat variable diresidue, RVD) and show a strong correlation with specific nucleotide recognition (Boch, et al., 2009; Moscou & Bogdanove, 2009 ). The simple relationship between amino acid sequence and DNA recognition has made it easy to design and relatively practical compared with ZFN technology. Using the TALEN technique, Song et al. recently generated KO rabbits deficient in recombination activating genes (Song, et al., 2013) .
More recently, RNA-guided endonucleases (RGENs) have become another novel and programmable genome engineering tool that were developed from the bacterial adaptive immune machinery that serves to identify and destroy foreign DNA. These have been proven to be the most efficient way to establish gene-targeted animal models in many species (Cong, et al., 2013; H. Wang, et al., 2013) . In this system, the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) immune response-the protein Cas9 forms a sequence-specific endonuclease when complexed with two RNAs, one of which guides target selection. Likewise, RGENs consist of constant components (Cas9 and tracrRNA) and a target-specific RNA (crRNA). RGENs utilize a short guide RNA (gRNA) to recognize DNA, bind the Cas9 endonuclease and induce sitespecific cleavage to achieve RNA-guided genome engineering. To establish a solid and practical method for generation of KO rabbits, we successfully generated apo-CIII KO rabbits using the ZFN (D. and then apoE, CD36 receptor, ryanodine receptor 2, cystic fibrosis transmembrane conductance receptor KO rabbits using the Cas9 method (D. S. Yang, et al., 2014) . Among these three methods (ZFN, TALENs and Cas9), we found that the Cas9 method is highly efficient and easy to use. For example, the efficient rate (referring to successful gene targeting in the rabbit embryos) is in the range of 10 to 100% (average 50%) within 9 genes we examined (D. S. Yang, et al., 2014) . Interestingly, among nine genes targeted by the Cas9 method, we identified four bi-allelic mutations (with alleles of single gene targeted at the same time. In another word, it is possible for one to generate homozygous KO rabbits at one step. Therefore, these approaches are not only highly efficient for gene targeting in rabbits, but also technically much easier and superior to traditional pronuclear microinjection because specific gene targeting can be achieved by microinjection of gene editing reagents into the embryo's cytoplasm with much higher efficiency (>30%). Therefore, one can predict that, in the next few years, through these novel technologies, considerably more KO rabbits will be generated and used in translational studies of cardiovascular diseases.
Considerations and limitations
Although rabbits are a valuable experimental model in cardiovascular research, they should not be considered as a simple substitute of rodents, as discussed above. Rabbits should only be used for those experiments aimed at answering questions or elucidating mechanisms that cannot be properly addressed in other animal models, such as translational research for the development of lipid-lowering drugs or diagnostic methods. Without these considerations, there may be less advantage of using rabbits than using rodents, which have shorter life spans, shorter gestation periods, lower inter-individual variability, lower cost and a broad availability of reagents as benefits compared with the rabbit. Therefore, rabbits should be used to bridge the gaps between small animal models (mice and rats), which are perhaps the best for the elucidation of gene expression and functions, and larger animal models (pigs and monkeys), which are often required for pre-clinical translational research. Compared with those larger animals, rabbits (medium size) are relatively inexpensive to purchase, house and can be maintained in the setting of laboratories. They are easy to breed and handle and are a well-established model in terms of being recognized by the scientific and regulatory communities. In addition, rabbits are phylogenetically closer to primates than rodents and further offer a more diverse genetic background than inbred and outbred rodent strains, which makes the model a better overall approximation to humans. Despite these advantages, there are some common concerns that should be taken into consideration whenever rabbits are used for the study of cholesterol-induced atherosclerosis.
Most laboratory rabbits are commercially available but they are not inbred (although inbred rabbits are indeed present in some facilities). Therefore, the inter-individual variations (plasma cholesterol levels and lesion size in response to a cholesterol diet) can be problematic. To minimize the variations in rabbit colonies, we recommend using rabbits provided by the same breeders in addition to age-, sex-and strain-matches. Furthermore, rabbits may respond to a cholesterol diet differently and some rabbits do not show marked hypercholesterolemia even on a cholesterol-rich diet. A partially inbred line of cholesterolresistant rabbits was reported twenty years ago (Overturf, et al., 1989) . These cholesterolresistant rabbits are also called hypo-responders and do not develop hypercholesterolemia and atherosclerosis in response to cholesterol, possibly due to enhanced production and secretion of bile acids mediated by high expression of 7α-hydroxylase (Poorman, Buck, Smith, Overturf, & Loose-Mitchell, 1993) . In our experience, this happens in less than 20% of JW rabbits. To avoid these problems, it is sometimes better to perform pre-screening for a week to exclude those non-responder rabbits when using this model for drug development studies. To do so, all rabbits are fed a 0.5% cholesterol diet for a week and their plasma cholesterol levels are measured . In this way, one can exclude those hypo-responder rabbits before the experiment.
For breeding Tg and KO rabbits, the best way to reduce these variations is to collect semen from one male rabbit and perform artificial insemination with multiple females so that researchers can obtain all littermates with a similar genetic background in a large number within a short time, which is important to reduce the time and cost of rabbit experiments. From our own experience, the semen collected from one ejaculation of a male JW rabbit is sufficient for conducting artificial insemination into up to 20 females.
Analytical methods to evaluate the aortic atherosclerotic lesions of both cholesterol-fed JW and WHHL rabbits have been described in our previous publications Zhang, et al., 2010) . We recommend performing Sudan IV staining of the whole aortas first (Fig. 4) . Sudanophilic area (lesions) can be easily measured using image analysis software. After that, all sections should be routinely stained with hematoxylin and eosin (HE) and elastica van Gieson (EVG) for evaluation of the lesion quality and quantity under a light microscope (S. Li, et al., 2014) . For examination of lesion cellular components, RAM11 and HHF35 antibodies are routinely used for detecting and quantifying lesion macrophages and smooth muscle cells. Because of the large size of the rabbit aorta, it is also possible to obtain a piece of aorta and to analyze the gene and protein expression using Western blotting and real-time RT-PCR methods in the same rabbits while the lesions are evaluated (Liang, et al., 2006; Yu, et al., 2008) . In this way, one can compare the lesion changes with the gene expression in one animal, which is impossible in mouse models.
Development of coronary atherosclerosis is another important feature of both cholesterol-fed (Besterman, 1970) and WHHL rabbits Shiomi, et al., 2003) . Compared with that of aortic atherosclerosis, however, the quantitative analysis of coronary lesions is complicated because the lesions can only be observed microscopically (Liang, et al., 2006) . Many factors should be taken into considerations for accurate analysis of coronary atherosclerosis, such as methods of sectioning rabbit heart, numbers of sections to be quantified, skill of the researchers and the purpose of each experiment (e.g. more sections are required if one wants to search for ruptured coronary lesions). In this review, we have proposed a practical protocol for quantifying rabbit coronary atherosclerosis based on our experiments using more than one hundred rabbits (see Supplemental materials and S-Figs. 1-3).
Conclusions
The rabbit is an important model for the study of human atherosclerosis and lipoprotein metabolism. Transgenic and KO rabbits will provide novel means not only for the elucidation of molecular mechanisms but also for translational research. We can expect that these novel models will provide new insights into the understanding of atherosclerosis and expand the power of the rabbit model for translational research in cardiovascular disease. In order to enhance the use of rabbit models in future, it is essential to refine the rabbit genome information and establish an international rabbit bio-resource community (such as Rabbit Bioscience Association in Japan and the Lagomorph Genomics Consortium in Europe) that will make it easy for all researchers to use, produce (Tg and KO rabbits) and share these rabbit models.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Total number of research articles reporting the use of rabbits and mice in research on atherosclerosis from 1970 to 2014 (Source: Web of Science). Lipoprotein profiles of wild-type rabbits on a normal chow diet and cholesterol-fed, as well as WHHL rabbits, compared with human. Agarose gel electrophoresis of plasma lipoproteins (upper panel) and FPLC analysis of lipoproteins (lower panel). Early pathological changes of aortic surface of cholesterol-fed rabbits. Two representative lesions are shown (the top and middle panels) and were subjected to either hematoxylin and eosin (HE)staining (left) or immunohistochemical staining with RAM11 antibody against rabbit macrophage (Mϕ) (right). Aortic lesions are also visible under a scanning electron microscope (lower panels). Many monocytes either singly or in clusters adhere to the endothelial cells of the aorta. Representative fatty streaks of aortic atherosclerosis in cholesterol-fed rabbits. The lesions are composed of accumulated macrophage-derived foam cells in the center and smooth muscle cells on the top. Arrowhead indicates the necrotic core. The specimen is stained with HE and elastic van Gieson (EVG) or immunohistochemically stained with RAM11 antibody against rabbit macrophage (Mϕ) and HHF35 antibody for smooth muscle cells (SMC). Advanced lesions of aortic atherosclerosis in cholesterol-fed rabbits. The lesions contain a small number of macrophages and calcium deposition can be seen, as indicated by arrowheads. "Fibrotic lesions" of aortic atherosclerosis in cholesterol-fed rabbits. This lesion is less frequent and characterized by fibrosis and smooth muscle cell accumulation with fewer macrophages.
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Fig. 8.
A typical foam cell-rich lesion of aortic atherosclerosis in cholesterol-fed rabbits with extremely high hypercholesterolemia. The lesions are almost completely composed of foam cells, which can be stained with RAM11 antibody. Typical coronary atherosclerosis in cholesterol-fed rabbits. The lesions are mainly composed of smooth muscle cells and occupy about 50% of the lumen. Schematic illustration of zinc finger, TALE and RNA-guided nucleases for genome editing. 
